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Abstract

The upper part of the frequency spectrum (millimeter waves, MMW) applied by modern
communications technologies (5G and beyond), makes skin the dominantly exposed tissue to
electromagnetic fields. Therefore, an animal study on murine skin carcinogenicity and other
endpoints will be implemented within SEAWave project. This deliverable aims to contribute to
the dosimetry of the animal study, considering the complex and dynamic anatomy of murine
skin, by evaluating the absorbed power at various depths and locations, thus facilitating the
correlation between these data with the observed endpoints.
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1 Introduction

The evolution of mobile communications facing new demands regarding speed (high-data rates),
synchronization (low-latency), and the number of connected devices (IoT), has led the industry
to use upper part of the frequency spectrum (millimeter waves, MMW). Compared to the well-
studied lower part of the frequency spectrum, MMW electromagnetic fields impose new
challenges to the study of potential health effects on humans. Their lower wavelength results in
significantly lower penetration depth in human tissues [1]. Thus, skin as the outermost tissue of
the human body, is dominantly exposed and consequently studied [2]. Skin is an organ with a
highly complex anatomy involving different types of cells at different depths. Moreover, it is an
organ with a dynamic anatomy, since the distribution of these different types of cells changes
with time (e.g., keratinization, hair cycle).

2 Objective

The present deliverable aims to contribute to the dosimetry of the animal study on skin
carcinogenicity, which will be performed within the SEAWave Project. The irradiated animals will
be mice; therefore, the deliverable focuses on the exposure of murine skin. Taking into account
the above, it is necessary to be able to correlate the absorbed power at various depths and
locations of cell types with the observed endpoints, since different cell types in the skin give
different types of cancer.

3 Materials and Methods

A dosimetric study of the irradiated subjects (mice) of the animal study is initially performed.
Ptch1+/- mice (equal numbers form the two sexes) will be whole-body exposed for 23 hours daily
to MMW radiation (27.5 GHz) from birth to six months of age (6M). The study is focused on skin
since this is the tissue that dominantly absorbs electromagnetic energy at this frequency. A planar
stratified model of mice skin layers is considered. An analytical solution of Maxwell’s equations
for this model is used to evaluate the field values and other relevant dosimetric quantities inside
the skin. The aforementioned approach is validated against a commercially available software
widely used in such studies (Sim4Life), which implements the Finite-Difference Time-Domain
(FDTD) method. Variations emanating from variations of skin layers dimensions and dielectric
properties (dielectric constant, conductivity) due to age, are also evaluated.

3.1 Mouse skin model

The mouse skin model developed in this study follows the approach of human skin models
already used for dosimetric studies, e.g., [1], [3], [4] and [5]. In this context, a planar geometrical

Page 4 of 15



Grant number: 101057622 SEAWave

model is used to model mouse skin and underlying tissues, consisting of five different layers
(Figure 1): a) Keratinized stratum (KS), consisting of stratum corneum and stratum lucidum, b)
Viable Epidermis (VE), c) Dermis (DE), d) Adipose tissue (fat, FT) and e) Muscle (MS).

These layers can be identified in a H&E (hematoxylin & eosin) stained, cross-sectional mouse
skin sample image (Figure 2).
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Figure 1. Layered model of mouse skin used for dosimetric study
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Figure 2. H&E-stained images of cross-sectional mouse skin samples and layer identification

For the determination of the skin layers’ thicknesses, mean values are available in the literature
[6]. However, large variations with age are observed, especially throughout the hair cycle (Figure
3) [7], (8], [9].

Page 5 of 15



Grant number: 101057622 SEAWave

0O 20 30 40 SO 60 70 80 90 100 IO 120 120

Postnatal day

b Telogen —g——— Anagen ———

Figure 3. Skin layers’ variation during a hair cycle [9]

The hair cycle is a periodic phenomenon that lasts approximately 21 days and occurs many times
throughout the life period of a mouse. To capture the variations of skin layers’ thicknesses over
a hair cycle, the skin layering of three mice was measured at each of five different time instances
of the first cycle (postnatal days 2, 5, 10, 15 and 21). Twelve values for each layer thickness among
three different individuals were measured for each of the five different postnatal days. The
measurements were performed on haematoxylin and eosin (H&E) stained skin samples. Images
were captured using a Nikon Eclipse EB00 microscope and analyzed by NIS-Elements BR 5.3. The
measurement results are summarized in Table 1.

Table 1. Measurements of mouse skin layers’ thicknesses during the first hair cycle

Postnatal Layer Keratinized Viable Dermis | Hypodermis | Muscle | Total
Day thickness stratum Epidermis
(um)
mean 69.39 21.57 94.62 134.16 49.11
P2 std 5.57 5.10 41.94 49.28 12.46 368.84
mean 45.83 3791 | 13243 514.88 | 38.51
P> std 6.79 8.86 26.16 81.35 19.12 769.55
mean 50.37 23.16 | 169.34 644.14 | 42.39
P10 std 6.57 4.68 12.42 68.64 8.21 929.40
mean 16.14 18.46 | 149.49 597.14 19.21
P1> std 2.84 469 | 2042 45.08 2.49 800.93
mean 14.45 16.33 | 183.14 63.59 50.05
P2l std 3.35 3.94 43.63 31.30 24.73 327.57

Due to lacking information on the dielectric properties of the different mouse skin layers
considered here, the corresponding ones for human skin were used. This approach is largely used
in the literature since the availability of data about specific species is limited and the variations
of tissue dielectric properties within a species may well exceed variations between species, as
suggested in [10].
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The dielectric properties of human skin layers were determined following the approach
suggested in [1] and used also in [3] and [11]. The one-term Debye model [1] was used to
calculate the properties for the considered frequency (27.5 GHz). The applied values are
summarized in Table 2.

Table 2. Dielectric properties assumed for mouse skin at 27.5 GHz

Skin Layer Relative Conductivity (S5/m)
Permittivity
KS (Keratinized Stratum) 3.58 1.13
VE (Viable Epidermis) 17.38 25.81
DE (Dermis) 17.38 25.81
FT (Fat) 3.54 2.19
MS (Muscle) 23.53 37.42

It is worth mentioning that the values reported in Table 2 correspond to adult individuals.
However, it is known that these properties vary with age [4], [12], [13]. In the gigahertz frequency
range, electromagnetic fields interaction with tissues dominantly results from free water
molecule polarization (y dispersion) [5]. The water content of tissues varies with age and so do
the dielectric properties. In this context, the Total Body Water (TBW), defined as the ratio of the
mass of the water in an individual’s body to the total mass of the body, is used as a proxy for the
evaluation of variations of the dielectric properties with age [4], [13]. Wang et al [13] applied
Lichtnecker’s logarithmic formula (1), considering tissues as a mixture of organic material and
water.

& = Eﬁ‘W ' S}t_a (1)

where ¢, is the relative permittivity of water, ¢,; is the relative permittivity of the organic
material and « is the hydration rate (a¢ = p-TBW, where p is the mass density). Since the relative
complex permittivity of a tissue &, is given by

. o . 0 ( . 1)
& =& —j& =¢& ngo & ij (2)
where 7 = Sf(’. Substituting (2) into (1) results in
a—ay 1-a 1
fo=el, el (1-)—) 3)

where &, is the relative permittivity for adult tissue and @, is the hydration rate for adult tissue.
Equation (3) gives the complex permittivity at different ages if the TBW as a function of age is
known and the dielectric properties at adulthood are also known. This approach was followed by
Sacco et al [4] to evaluate the age-dependence of electromagnetic power deposition in human
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skin. The authors considered no variations of TBW on the outermost skin layer (i.e., SC) with age,
since this layer is mostly impacted by environmental and physiological conditions.

Following the approach of Wang [13] and Sacco [4] and considering that the dielectric properties
of the skin layers at adulthood are known (Table 2), it was necessary to determine the TBW of
mice as a function of age in the literature. In [14], Bailey et al studied the body composition of
111 white male mice in terms of protein, water, fat and ash as a function of age. Data for only 16
of them are published (Figure 4). Curve fitting of these data, using the least square method,
results in

TBW = —2.93 - In(age) + 79.97 (4)

where TBW is evaluated in terms of percentage and age in terms of postnatal days. The relative
permittivity of water was evaluated using the Ellison et al model [15], for a temperature of 32.6 °C
[5], while the mass density values applied for each skin layer were those given in [4]. The
variations of dielectric properties as a function of age (postnatal days) for the considered skin
layers are plotted in Figure 5. Significant variations are present during the first days of life,
following the corresponding variations of TBW. The dielectric properties tend to a constant value
after few tenths of postnatal days.
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Figure 4. TBW of 16 mice vs age [14] and fitting curve
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Figure 5. Conductivity (left) and relative permittivity (right) vs age for mouse skin layers
(Viable Epidermis, Dermis, Fat and Muscle)

3.2 Computational method

The stratified mouse skin model presented in §3.1 (Figure 1) was used for the electromagnetic
analysis.
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Figure 6. Stratified mouse skin model used for electromagnetic analysis

The model considered here is irradiated with a TEM-polarized plane wave. The direction of the
propagation (along z-axis) is perpendicular to the interfaces of the skin layers (Figure 6). The
electric (E) and magnetic (H) field values are calculated analytically using the transmission and
reflection coefficients at all tissue interfaces [16]. The muscle layer is considered as the
terminating layer, i.e., no reflections at the tissue interfaces underlying the muscle layer are taken
into account. This approach has already been applied successfully in previous studies [3], [4], [11]
and offers an important speed advantage over other computational methods (e.g., FDTD, FEM).
The calculation was performed with MATLAB (The MathWorks Inc., Natick, MA, USA). The
developed MATLAB code was verified against a commercially available software (Sim4Life, ZMT,
Switzerland) which implements the FDTD method (Figure 7).
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Figure 7. Model validation: E field values comparison (left), stratified model used with FDTD method (right): Muscle
(yellow), Fat (cyan), Dermis (green), Viable epidermis (pink), Keratinized stratum (blue)

A stratified model of skin was also used with the FDTD method (Figure 7, right). Periodic boundary
conditions were used on the sides and perfectly matched layers on top and bottom. The model
was irradiated with a TEM plane wave of incident power density of 1 W/m? in air. As can be
inferred from Figure 7 (left), the results using the two methods are in a very good agreement
(deviation < 0.4 %).

According to the International Commission on Non-lonizing Radiation Protection (ICNIRP), the
absorbed power density (APD) level, Sap (W/m?2), is considered the relevant metric for the basic
restriction for frequencies higher than 6 GHz [17]. Consequently, Sap is evaluated at the interfaces

of the skin layers by using the formula based on the Poynting vector S:

ds ds
o= [[ mels) 2= ([ metm -2 ®
A A A A
The mean value of absorbed power density within each skin layer, S, is also evaluated:
< fzzlz Sab (z)dz 6)
o fZZ: dz

where z;, z, are the coordinates of the limits of the considered layer. The power loss per normal
surface area within each layer of the skin is then calculated by the difference of the power density
entering the layer minus the power leaving it:

PL = Sab(zz) - Sab(Zl) (7)

4 Results and Discussion

The dosimetric study of mouse skin is focused on the first hair cycle (postnatal days 2-21). The
reason for the selection of this time period of mouse life is twofold: a) The largest variability of
mouse skin thickness occurs during this period (Figure 3). b) The largest variability of the dielectric
properties of mouse skin layers also occurs during this period (Figures 4 and 5). Consequently,
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the absorbed power density and the power loss, are expected to vary more during this time
period compared to any other. As a result, the study of this time period provides the safest way
to evaluate the worst-case scenario.

The variability of the skin layers’ thickness during the first hair cycle is presented in Figure 8.
Thickness values correspond to four different evaluation points for each of the three different
individuals measured at five different postnatal days. Thus, the variability presented in Figure 8
originates from sampling uncertainty (four different evaluation points) and interindividual
variability (three different mice), which also includes sex variability, since the three mice are of
both sexes. However, the small sample size imposes problems to the statistical analysis based on
these parameters. The significant variation of the skin thickness throughout a hair cycle,
dominated by the variation of the subcutaneous fat layer, presented in Figure 3, is confirmed by
the measurement results shown in Figure 8.
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Figure 8. Skin layers’ thickness at different postnatal days (2-21): median (red line), interquartile range (blue box)
and min-max values (dotted black line). KS: Keratinized Stratum, VE: Viable Epidermis, DE: Dermis, FT: Fat,
MS: Muscle
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Figure 9. APD, S, at skin layer interfaces for different postnatal days

Applying the mean values for layer thicknesses at different postnatal days and the dielectric
properties for adult subjects, the absorbed power density at layer interfaces is evaluated (Figure
9). Large variations of S,;, during the first hair cycle are observed that are attributed to the large
corresponding variations of skin layers’ thickness (Figure 8).

In Figure 10 the distribution of power loss at each of the skin layers (KS, VE, DE and FT) is
presented using boxplot charts: The median value (red line), interquartile range (blue box) and
max/min values (dotted black line) of the distribution, corresponding to the distribution of skin
layers thickness measurements (Figure 8), are plotted. The same distribution considering the
dielectric properties variations with age, is also plotted and indicated by “TBW” in the same figure
for comparison. The comparison shows that the impact of considering dielectric variations with
age is significant, yet much lower than the impact of skin layers thickness variation on the power
loss within each skin layer. The maximum power per normal surface area deposited within any
skin layer and for any postnatal day is 0.42 W/m? (fat layer on postnatal day 15).
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Figure 10. Power loss at each skin layer (KS, VE, DE, FT), at different postnatal days (P2, P5, P10, P15, P21), when
considering the variation of dielectric properties with TBW (denoted with ‘TBW’ at the end) or not

5 Conclusions

A dosimetric study for mouse skin irradiated at 27.5 GHz and normal incidence was performed.
The results of this study will initially be used for defining the exposure levels in the animal study
and, later, for assessing the risk for cancer initiation or promotion in the mice. The study was
performed at the macroscopic scale, taking into account (for the first time) the variation of skin
layers’ thicknesses due to the hair cycle and the changes in the dielectric properties due to age.
It was shown that the impact of layer thickness variation on dosimetric metrics is significantly
larger compared to the one of dielectric properties due to age. The full dosimetric evaluation of
murine skin needs to consider the layer of fur, as well as the appendages in the skin, i.e., the
microscopic scale in which work is ongoing.
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